To examine whether moderate to vigorous physical activity (MVPA) measured using accelerometry is associated with incident falls and whether associations differ according to physical function or history of falls. DESIGN: Prospective study with baseline data collection from 2012 to 2014 and 1 year of follow-up. SETTING: Women's Health Initiative participants living in the United States. PARTICIPANTS: Ambulatory women aged 63 to 99 (N = 5,545). MEASUREMENTS: Minutes of MVPA per day measured using an accelerometer, functional status measured using the Short Physical Performance Battery (SPPB), fall risk factors assessed using a questionnaire, fall injuries assessed in a telephone interview, incident falls ascertained from fall calendars. RESULTS: Incident rate ratios (IRRs) revealed greater fall risk in women in the lowest quartile of MVPA compared to those in the highest (IRR = 1.18, 95% confidence interval = 1.01-1.38), adjusted for age, race and ethnicity, and fall risk factors. Fall rates were not significantly associated with MVPA in women with high SPPB scores (9-12) or one or fewer falls in the previous year, but in women with low SPPB scores (≤ 8) or a history of frequent falls, fall rates were higher in women with lower MVPA levels than in those with higher levels (interaction P < .03 and < .001, respectively). Falls in women with MVPA above the median were less likely to involve injuries requiring medical treatment (9.9%) than falls in women with lower MVPA levels (13.0%) (P < .001). CONCLUSION: These findings indicate that falls are not more common or injurious in older women who engage in higher levels of MVPA. These findings support encouraging women to engage in the amounts and types of MVPA that they prefer. Older women with low physical function or frequent falls with low levels of MVPA are a high-risk group for whom vigilance about falls prevention is warranted.
T wenty-nine million older Americans fell in 2014, leading to 2.8 million emergency department visits, 800,000 hospitalizations, 27,000 deaths, and an estimated $31.3 billion in Medicare expenditures. 1 Older women are at highest risk of falling and being injured by falls. 1 Although there is strong evidence that multicomponent exercise programs focused on balance, gait, and strength reduce risk of falls in older adults, [2] [3] [4] evidence on the role of aerobic moderate to vigorous physical activity (MVPA) in reducing risk of falls in older adults is unclear. Some studies suggest a role of MVPA in fall prevention through increased muscle mass 5 and greater cardiorespiratory fitness. 6 Against this hypothesis is the consensus that the improvement in cardiorespiratory fitness that MVPA produces is less important to fall risk than is neuromuscular fitness, specifically balance and muscle strength. 4 In the context of public health guidelines that encourage older adults to engage in 2.5 hours of MVPA per week, or as much as they are able, 7 it is critical to determine whether such activity reduces risk of falls through maintaining mobility and reducing frailty or increases fall risk through accidents or fatigue associated with behaviors requiring more rigorous effort.
The Objective Physical Activity and Cardiovascular Health Study (OPACH), conducted in the Women's Health Initiative (WHI) cohort, was designed to examine associations between accelerometer-measured MVPA and cardiovascular disease and fall incidence in older women. This report examines the following questions: Is MVPA associated with incidence of falling? Do associations between MVPA and fall incidence vary according to level of physical function and past history of falls? Is MVPA associated with falls that are injurious or require medical care?
METHODS

Study Population
Details about the design, recruitment, and data collection for OPACH have been previously published. 8 The parent WHI program, which enrolled postmenopausal women aged 50 to 79 between 1993 and 1998 has also been described. 9, 10 Enrollment for OPACH occurred concurrently with the Long Life Study , an ancillary study that conducted in-person home visits for phlebotomy and clinical and functional assessments in a subset of older WHI participants. Ambulatory women in the Long Life Study were invited to enroll in OPACH. Informed consent for both studies occurred by mail or telephone. In total, 8,618 women consented to OPACH, of whom 1,361 (16%) subsequently refused participation or could not be contacted, and 219 (3%) were ineligible because of death or inability to walk. An additional 468 (5%) women were excluded because they did not complete the Long Life Study home visit. The remaining 6,570 women were given a 13-month falls calendar, physical activity (PA) questionnaire, sleep log, and triaxial accelerometer (GT3X+, ActiGraph, Pensacola, FL). Of these, 5,545 had sufficient accelerometer and falls calendar data to be included in this analysis (details below). The institutional review board at the Fred Hutchinson Cancer Research Center approved the study protocols for the Long Life Study and OPACH.
Measures
Women were asked to wear the accelerometer on their right hip for 7 days, 24 hours per day, and to remove the device only for bathing or other water-based activities.
The accelerometer was initialized to collect raw data at 30 Hertz on three orthogonal axes. Using the manufacturer's software (ActiLife Firmware version 2.4, ActiGraph), activity counts at each axis were calculated per 15-second interval (epoch). Vector magnitude (VM) counts were calculated by taking the square root of the sum of each axis squared. A computer-based automated algorithm was used to identify the window with the maximum amount of wear over the 7-day wear period. 11 Wear time during sleep was removed using the information provided in the sleep logs or from imputed sleep log data when sleep logs were incomplete or missing (12%). Nonwear was defined using the Choi algorithm. 12, 13 Any nonzero counts (except the allowed short intervals) were considered wear time. An adherent day was defined as 10 or more hours of wear while out of bed, and only data from adherent days were analyzed. Participants with fewer than four adherent days were excluded from analysis. Time spent in total PA included all minutes with more than 18 VM counts per 15-second epoch. Based on the OPACH Calibration Study, MVPA was defined as VM counts of more than 518 per 15 seconds (using 1 metabolic equivalent (MET) = 3 mL/kg per minute, median MET value 3.3, interquartile range (IQR) 2.7-4.0) and light-intensity PA was defined as VM counts of 19 to 518 per 15 seconds (median MET value 2.0, IQR 1.6-2.4).
14 The MVPA cutpoint was equivalent to a walking speed of 2.2 miles per hour (IQR 2.0-2.5).
14 Incident falls were captured using a 13-month falls calendar starting with the month the accelerometer was worn. Women were instructed to report a fall if they lost balance and fell to the ground or a lower level or if they had to use a wall, rail, or other object to prevent themselves from falling to the ground. Participants reporting falls were interviewed by telephone about the circumstances of the fall, whether they had an injury, the type of injury, where the injury occurred on their body, and level of medical care received. Women could be interviewed for multiple falls over the course of a year. To conserve resources while ensuring adequate representation for the most-active women, after April 2013, fall interviews were conducted for all reported falls in the most physically active women (WHI PA Questionnaire 15 reported PA ≥21 MET-hours per week; top 20%) and one in five randomly selected falls that other women reported.
The OPACH PA questionnaire captured the number of falls in the past year, fall injuries, falls self-efficacy, 16 self-assessed walking ability, and self-reported PA. 15 Number of chronic conditions was calculated based on a list of 10 conditions from a multimorbidity study in WHI participants. 17 Information on lower limb physical function, assessed using the Short Physical Performance Battery (SPPB), 18, 19 and clinically measured height and weight was collected at the Long Life Study home visit. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared.
Statistical Methods
Participants were grouped according to quartile of minutes spent in accelerometer-measured MVPA. For completeness, the main findings are also reported for quartiles of accelerometer-measured total and light PA. Differences between MVPA quartiles in baseline characteristics were evaluated using chi-square tests for categorical variables and analysis of variance for continuous variables. Incident fall rates were calculated as the number of falls reported from the calendar pages divided by the number of personmonths of calendar pages received. Because fall incidence is highly right-skewed, negative binomial regression models were used to examine the association between PA quartiles and the incidence rate of falling. Covariates were entered into models, adjusting for accelerometer wear time, age, race and ethnicity, education, and fall risk factors. These parametric negative-binomial regression models assumed a linear relationship between the incidence rate ratios (IRRs) and covariates. These analyses were performed using SAS version 9.3 (SAS Institute, Inc., Cary, NC). Hypothesis tests were conducted at alpha .05 with two-sided P<.05 considered statistically significant.
Nonparametric negative binomial generalized additive models that allow flexible modeling of nonlinear relationships without specifying the functional form were used to plot fall incidence rates (number of falls per 13 personmonths) according to MVPA on a continuous scale. These models investigated differences in falls incidence between women with high (SPPB 9-12) and low (SPPB 1-8) physical function scores and separately for women with and without a history of two or more falls in the year before baseline. Stratum-specific P-values were calculated to test the overall association between MVPA and incident falls while accounting for potentially nonlinear effects. Then potential interactions between MVPA and SPPB or past fall history were tested using models fitted with interaction terms. These analyses were performed using the mgcv package in R version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria).
Finally, associations between MVPA and falls injury events (the unit of analysis) were tested using weighted negative binomial regression with inverse probability weighting to account for sampling of fall interviews.
Ethics Approval
The Fred Hutchinson Cancer Research Center institutional review board (Protocol 3467-EXT), Seattle, Washington, reviewed and approved the study.
RESULTS
Study Population and Baseline Characteristics
Five thousand five hundred forty-five participants with four to seven adherent wear days of accelerometer data (average wear time 14.9 h/d, median 15.0 h/d, IQR 1.7 h/ d) were included. During up to 13 months of falls followup (average 11.1 calendar months, median 13 calendar months, IQR 2 calendar months), women recorded 5,464 falls. Participants had an average age of 78.8 AE 6.7, range 63-99) and were racially and ethnically diverse (50% white, 33% African American, 17% Hispanic). Older age, white race, high school education or less, use of an assistive device for walking, higher level of multiple morbidity, and higher BMI were all strongly associated with less time spent in MVPA (Table 1) . Table 2 shows results of multivariable-adjusted negative binomial regression analyses relating accelerometer-measured MVPA, light PA, and total PA to fall incidence rates. IRRs according to quartile of time spent in MVPA and after adjustment for age, race and ethnicity, education, and accelerometer wear time (Model 1), revealed a higher falls rate in the lowest quartile than in the highest (IRR = 1.43, 95% confidence interval (CI) = 1.24-1.65; Pvalue for trend <.001). This association was weaker, but remained significant, after additional adjustment for falls risk factors (IRR = 1.18, 95% CI = 1.01-1.38; P-value for trend = .04). The association between total PA and fall risk was similar to that observed for MVPA after adjustment for fall risk factors (IRR = 1.20 for lowest vs highest quartiles, 95% CI = 1.03-1.40). No significant association with fall risk was observed for light PA ( Table 2) .
PA Levels and Incident Falls
Consideration of Functional Status and Fall History
Stratification according to physical function (high (SPPB 9-12) vs low (SPPB ≤8)) and number of falls (≤1 vs ≥2) revealed that incidence rates of falls were not significantly associated with MVPA in women with high physical function or one or fewer falls in the previous year (Figure 1 ). However, in women with low physical function, incidence rates of falls were significantly higher (IRR = 1.33, 95% CI = 1.19-1.58) in those with low MVPA levels compared to those in the middle MVPA quartiles, whereas the risk of falls was not greater with high MVPA levels (Pinteraction = .03). Incidence rates of falls were also higher in women with low MVPA who had two or more falls (IRR = 1.71, 95% CI = 1.28-2.26) than in similar women with MVPA in the middle quartiles, again the risk of falls was not greater with high MVPA levels ( Figure 1 ; P-interaction <.001).
MVPA and Fall Injuries
In the 2,495 interviews completed with women who reported falls on monthly calendars, 763 (30.6%) falls were reported to have caused some type of injury. Women with MVPA below the median were significantly more likely to sustain an injury requiring medical treatment (13.0%, 167/ 1,280) than those with higher MVPA levels (9.9%, 120/ 1,215, P < .001) ( Table 3) . Fractures were reported for 63 falls in women with lower MVPA (4.9%) and for 45 falls in women with higher MVPA (3.7%) ( Table 3) .
DISCUSSION
This prospective study shows that the rate of incident falls in older, community-dwelling, ambulatory women is higher in those with low MVPA than in those with higher MVPA, as measured using accelerometry. The higher risk of falls in the lowest quartile of MVPA was apparent only in women with low levels of objectively measured physical function or a history of frequent falling in the 12 months before baseline, and tests for interaction were statistically significant. Low levels of light PA were not associated with significantly greater risk of falling. Higher levels of MVPA also did not affect risk of falling in these older women regardless of physical function or fall history. Injurious falls requiring medical attention were significantly more common in women with low than with higher MVPA.
There has been concern that the higher-intensity movements of MVPA, including walking, might increase the risk of falling. 20 The majority of the evidence on MVPA and falls comes from supervised exercise trials, rather than naturally occurring MVPA in daily life, as typically assessed in observational cohort studies. One metaanalysis reported that fall prevention exercise programs were more effective if the exercise did not include walking, 21 yet recent randomized trials testing MVPA found no greater fall risk 22 even with a walking intervention. 23 A recent systematic review concluded that there was insufficient evidence to determine how walking affects fall risk. 24, 25 Most fall prevention trials have tested multicomponent exercise programs, and many have not included MVPA as a component. 2 These trials were not designed to evaluate dose-response relationships relating MVPA to risk of falls.
Cross-sectional, nationally representative U.S. data show an association between leisure-time PA and lower prevalence of falling two or more times in the previous year in middle-aged and older adults, but the association was weaker in participants aged 85 and older. 26 Selfreported leisure-time PA is poorly correlated with accelerometry measurements of MVPA 27 and may be especially inaccurate in older adults and women. 28, 29 Accelerometers capture movements during daily life beyond those identified as leisure-time exercise. 27 To the knowledge of the authors, the present study is the only U.S. prospective study of accelerometer-measured PA with careful falls surveillance in a large population of older women, the group at highest risk of falls and fall-related injuries. 26 The results of this observational study support no association between higher levels of MVPA and fall risk in community-dwelling ambulatory women. Consistent with the present study, the ActiFE-Ulm Study, conducted in southern Germany in 1,214 older adults, found no greater risk of falls in older men or women with higher levels of accelerometer-measured PA. 30 Being in the lowest quartile of MVPA was associated with greater risk of falls, and this association appeared to be present only in women with poor physical function or a history of frequent falls. Two recent studies showing that fall rates were higher at low levels of walking in older German adults with slow walking speeds or history of falls 30 and with low step counts measured using accelerometry in older British men with mobility limitations 31 support this finding. The higher risk of falls at the lowest levels of MVPA in the present study could reflect a level of severe frailty that prohibits greater amounts of MVPA. Thus, low MVPA may identify a group of older women at exceptionally high risk of falls within two identifiable high-risk subgroups: those with low functional status and those with a history of frequent falls. The association may also reflect a modifiable risk factor for falls-that some of these women can be supported to increase their MVPA levels. The similar rates of falls in women in OPACH in the highest three quartiles of MVPA supports the hypothesis that women need not increase their MVPA to the highest levels to achieve a possible reduction in fall risk. Higher MVPA in women who were capable and chose to do it did not appear to increase falls risk. However, an observational study cannot exclude the possibility that women self-select amounts of MVPA that they perceive to be safe for them and that, for some women, going from low to medium levels of MVPA may increase fall risk. Future randomized trials should focus on determining whether MVPA can be safely increased in such women.
Use of age-appropriate accelerometer cutpoints for classification of MVPA is a major and unique strength of this study. Resting metabolic rate declines with age, 32 and the energy costs of activity increase with age. 33, 34 These two factors define the numerator (activity energy expenditure) and denominator (resting metabolic rate) of MET intensity values. The OPACH Calibration Study 14 showed that the typically used National Health and Nutrition Examination Survey cutpoints 35 result in substantial underestimation of MVPA in older women with a range of fitness levels, functional abilities, and chronic disease burdens (12 vs 51 min/ d, respectively, in the women in OPACH studied here). Age-specific accelerometer intensity cutpoints are critical for accurate classification of PA in older adults.
This study has strengths beyond accelerometer measurement of PA, including objective measurement of physical function; a large, racially and ethnically diverse study population; prospective ascertainment of falls using monthly calendars; and the ability to adjust for numerous fall risk factors measured at or before baseline. OPACH was nested within WHI and thus did not include men. Two European studies showing higher fall rates at low levels of accelerometer-measured PA in frail older populations that were exclusively 31 or more than half 30 men supports the generalizability of these findings to older men. Although having African-American and Hispanic women constitute half of the study population is a strength, minority women were systematically at the younger end of the age range, necessitating careful adjustment of age, race, and ethnicity in all analyses. Surveillance for falls was conducted over 1 year of follow-up. Although nearly 5,800 falls were reported during this period, it would be informative to study fall incidence rates and their relationship with PA habits over a longer follow-up period. Resources were insufficient to conduct fall interviews for all reported falls, and thus, injurious falls could only be ascertained in a subgroup. Future linkage to Medicare data injury codes Adjusted for age, race and ethnicity, education, wear time, vision, body pain, alcohol use, sleep aid use, body mass index, and chronic conditions. CI = confidence interval; IRR = incidence rate ratio; SD = standard deviation. Figure 1 . Associations between moderate to vigorous physical activity and incidence rate of falls stratified according to physical function (top panels) and history of past falls (bottom panels). will be conducted to ascertain rates of injurious falls in this population.
CONCLUSION
Because of its many health benefits, regular aerobic MVPA is strongly recommended for all older adults, 7 yet there has been concern that the body movement of MVPA may increase fall risk, particularly in women with lower levels of physical function or a history of falls. The findings reveal that falls are not more common and do not cause more-serious injuries in community-dwelling women who participate in higher levels of MVPA, regardless of physical function level. These findings support encouraging women to engage in the amounts and types of MVPA that they prefer.
Older women with poor physical function or frequent falls who participate in low levels of MVPA represent a high-risk group that would benefit from participation in effective fall prevention programs.
Trials are warranted to determine the benefits and risks of increasing MVPA in such women.
